Chemically defined media for the growth of Pasteurella tularensis have been described by Tamura and Fleming (1949) and more recently by Giesken (1954) , Mager et al. (1954) , and Traub et al. (1955) . Upon application of the latter medium (Traub et al.) for the growth of a virulent strain of P. tularensis, it was noted that the viable cell yields were markedly lower than yields previously obtained in a complex casein hydrolyzate medium similar to that reported by Mfills et al. (1949) . This observation led to an investigation of the nutritional requirements of several strains of P. tularensis, for the purpose of devising a medium which would support the growth of virulent strains in yields comparable to those obtained in the complex medium.
MATERIALS AND METHODS
Strains. The strains employed in this investigation were: the virulent strains SCHU S-4, SCHE, S-5, HOLT, and CHURCH M-14; the weakly virulent strains GIB, HD, JAP, JAP H, MAX, and OHARA; the avirulent strain 38. Strain SCHU S-5 was used exclusively in the experiments concerned with the formulation of the defined medium.
Preparation of medium. The amino acids (except cysteine-HCl), NaCl, and KH2PO4 (table 1) were dissolved together with heating in distilled water (approximately half the final medium volume), whereas, spermidine phosphate, MgSO4 * 7H20, FeSO4 7H20, and thiamine-HCl were prepared as individual stock solutions (1 mg per ml). The final medium was prepared by mixing together appropriate volumes of those solutions (to yield final concentrations given in table 1), adjusting the pH to 7.0 with NaOH, and diluting to the desired volume with water. Twentythree-ml portions were dispensed into 250-ml Erlenmeyer flasks fitted with cotton plugs wrapped with surgical gauze and then sterilized by autoclaving for 15 min at 121 C. Cysteine-HCl and glucose were sterilized separately by autoclaving and 1 ml of each added aseptically to the medium prior to inoculation, resulting in a final growth volume of 25 ml. The pH of the medium after autoclaving and addition of cysteine and glucose was 6.7 (-0.l).
Growth conditions. Stock cultures of all strains were maintained on a glucose-cysteine-infusionblood agar, modified at Fort Detrick after Downs et al. (1947) and containing: beef infusion (Difco), 6.0 per cent; peptone (Difco), 1.0 per cent; NaCl, 0.5 per cent; cysteine-HCl, 0.1 per cent; glucose, 2.5 per cent; packed human blood cells, 3.0 per cent; and agar, 1.5 per cent. Inocula were prepared by suspending the growth from a 24-hr glucose-cysteine-infusion-blood agar slant culture in 1 to 2 ml of sterile medium, followed by inoculation of this suspension into 25 ml of seed medium and incubating for 20 hr at 37 C with shaking. The experimental media then were inoculated with 2 per cent (by volume) of the seed culture and incubated at 37 C with aeration on a reciprocating shaker operating through a 3-inch stroke at a rate of 100 cycles per minute. Media of identical composition were employed throughout the inoculation procedure. Analytical procedures. Glucose was determined by the anthrone procedure (Seifter et al., 1950) . Virulence of cultures was measured by injection of white mice (Swiss-Webster strain) via the intraperitoneal route. LD50 values were calculated by the method of Litchfield and Wilcoxon (1949) . All pH values were determined with the Beckman pH meter, using a standard glass electrode.
RESULTS
Effect of amino acid concentration. Preliminary experiments disclosed a stimulatory effect on the viable cell yield of strain SCHU S-5 by increasing the total amino acid concentration of the medium. In these experiments, Traub's basal medium "B" fortified with 6 mg histidine and 20 Ag spermidine phosphate per ml was employed (Traub et al., 1955) . As noted in figure 1, maximal growth (26 hr) occurred at approximately 3 times the total amino acid concentration reported by Traub growth. The concentrations of the remaining 7 amino acids were found to be optimal at a level of 0.2 mg per ml. The final optimal concentrations of the 13 amino acids are recorded in table 1. Buffer, salt, and vitamin requirements. In the 1960] basal "B" medium of Traub et al. (1955) , both K2HPO4 and KH2PO4 (salts A) were employed at a final total concentration of 1 mg per ml. In the medium formulated in this report ( Inoculu7i size and serial transfer. Perhaps the most rigorous test of the nutritional adequacy of a medium resides in the determination of its ability to support the initiation of growth from a minimal inoculum and to maintain a vigorous cell population upon serial transfer. The ability of the defined medium (table 1) to initiate growth from small inocula was examined by preparing 100-fold serial dilutions (in sterile media) of a 20-hr seed culture of strain SCHU S-5 (grown in the defined medium) and inoculating fresh medium. A viable cell determination of the initial inoculum permitted the calculation of the approximate number of viable cells per ml present in each culture at 0 time. Growth measurements reported in table 2 reveal that the defined medium was capable of supporting abundant growth from a 0 time population as small as 10 organisms per ml. In contrast to these results, the defined medium employed as a plating agar resulted in only 50 to 75 per cent of the viable cell count obtained on the glucosecysteine-blood agar. This limitation of the growth of single cells on the solid defined medium may be due to the absence of "semianaerobic conditions" (Traub et al., 1955) which may be required for the initiation of growth from a small number of cells.
The effect of serial transfer on the cell yield of the SCHU S-5 strain was determined by inoculating serially 5 flasks of defined medium ( Virulence. The effect of growth in the modified defined medium on the virulence of the SCHU S-5 strain for mice was also examined. Cells from both the modified defined medium (table 1) and a complex casein hydrolyzate medium revealed an LD50 value for mice of approximately one organism via the intraperitoneal route.
Comparison of growth of different strains of P. tularensis. Preliminary experiments comparing the growth of several strains in the modified medium (table 1) revealed marked differences in final culture turbidities. In view of the calcium pantothenate requirement for strain MAX (Traub et al., 1955) and the requirement of uracil, and the stimulatory action of guanine and adenine for strain 38 (Fleming and Nishimoto, 1955) , these components were added to the defined medium as indicated in table 3. To simplify the experiment, the various strains were cultured in 10-ml volumes of medium contained in 140-ml milk testing bottles and incubated with shaking as previously described. The inoculum (2 per cent by volume) was a 0.85 per cent NaCl suspension prepared from a 48-hr glucose-cysteine-infusionblood agar slant culture. The adjuvants exerted little, if any, effect on the virulent strains except for strain CHURCH M-14 in the modified defined medium. Addition of calcium pantothenate appeared to stimulate the weakly virulent strains JAP and JAP-H, and possibly strains GIB, HD, (Traub et al., 1955) .
MIAX, and OHARA. The avirulent strain 38 required the purine and pyrimidine bases.
The extent of growth of the weakly virulent strains and the avirulent strain 38 was similar in both of the defined media; however, growth of the virulent strains was markedly higher in the modified medium.
The The principal difference between defined media previously developed for P. tularensis and the modified medium described above is in the total amino acid content. This modification was necessary, since the medium was not formulated as a "minimal" medium permitting the initiation of growth, but rather as a medium supporting maximal viable cell yields. The modified definedl medium also supported the growth of virulent strains of P. tularensis at rates and in viable cell yields comparable to those observed in a complex casein hydrolyzate medium. In addition, the buffering capacity of the modified medium appeared to be more effective than the complex medium. Virulence of the SCHU, S-5 strain for mice was unaltered during growth.
Even though washed-cell inocula were not employed in these studies, the large viable cell population obtained from the highly diluted seed culture inoculum and the ability of the organism to grow upon serial transfer is evidence for the nutritional adequacy of the modified medium. Inocula prepared from agar slant cultures were employed in exactly the same manner for both media, and clearly defined, reproducible results were obtained with no apparent indication of a carry-over of nutrients fromn the agar slant to the defined media.
A chemically defined medium such as that described may find further application in studies of virulent strains, particularly in the area of vaccine production and in basic metabolic studies by providing nutritional conditions which are not complicated by the presence of ill-defined, high molecular weight substances.
A chemically defined medium has been formulated which supports the growth of several virulent strains of Pasteurella tularensis in viable cell yields of 18 to 55 billion cells per ml after 16 to 24 hr incubation at 37 C. The medium permitted the initiation of delayed growth of the virulent SCHU S-5 strain from an inoculum size of approximately 10 cells per ml. Growth of this strain from larger inocula was supported through 5 serial transfers without reduction in growth.
Strains of reduced virulence gave yields of 0.7 to 13 billion viable cells per ml in the medium and required the addition of calcium pantothenate or uracil, adenine, and guanine for maximal growth.
